In this study, the role of nitric oxide (NO) in neuronal destruction during acute-phase Trypanosoma cruzi infection was evaluated in male C57BL/6 (WT, wildtype) mice and knockout mice [inducible nitric oxide synthase (iNOS) ؊/؊ and interferon (IFN) ؊/؊ ]. Selected animals were infected by intraperitoneal injection of 100 trypomastigote forms of the Y strain of T. cruzi. Others were injected intraperitoneally with an equal volume of saline solution and served as controls. Our findings support those of previous studies regarding myenteric denervation in acute-phase T. cruzi infection. In addition, we clearly demonstrate that, despite the fact that parasite nests and similar inflammatory infiltrate in the intestinal wall were more pronounced in infected iNOS ؊/؊ mice than in infected WT mice, the former presented no reduction in myenteric plexus neuron numbers. Neuronal nerve profile expression, as revealed by the general nerve marker PGP 9.5, was preserved in all knockout animals. Infected IFN ؊/؊ mice suffered no significant neuronal loss and there was no inflammatory infiltrate in the intestinal wall. On days 5 and 10 after infection, iNOS activity was greater in infected WT mice than in controls, whereas iNOS activity in infected knockout mice remained unchanged. These findings clearly demonstrate that neuronal damage does not occur in NO-impaired infected knockout mice, regardless of whether inflammatory infiltrate is present (iNOS Chagas' disease, resulting from infection with the protozoan Trypanosoma cruzi, is a significant cause of morbidity and mortality in Latin America.
Chagas' disease, resulting from infection with the protozoan Trypanosoma cruzi, is a significant cause of morbidity and mortality in Latin America. 1 Infection with T. cruzi includes an acute septicemic phase, during which the parasite infects a wide variety of tissues, mainly muscular tissue and central nervous system. In most patients, specific host defense mechanisms develop within 1 month and the septicemic phase subsides, without any serious sequelae. The acute phase passes into a chronic phase, in which a few parasites remain in the circulating blood and body tissues. Most patients are asymptomatic in the chronic phase of the disease, presenting the so-called indeterminate or latent form, although some patients develop manifestations 10 to 30 years after the onset of infection. 2 These late manifestations typically present as cardiac arrhythmias, cardiomyopathy, or disturbances in esophageal and colonic motility. 3 The final stage of the altered motility involves hypertrophy and dilatation of the organ, ie, megaesophagus and megacolon, particularly the sigmoid colon. The underlying anatomical abnormality in these patients is reduced ganglion cell numbers in the myenteric plexuses. This reduction, assumed to occur in the acute phase of the infection, has been extensively demonstrated through quantitative and comparative studies. 3,4 -12 Although there is currently no consensus, various neuronal destruction mechanisms have been proposed. The presence of a neurotoxic or neurolytic agent, liberated by the disintegrated amastigote forms, has been postulated. 13 It has also been suggested that ganglion cell parasitism could induce direct destruction of the nerve cells. 14 Another hypothesis is that nerve cell degeneration and destruction is related to an immunoinflammatory reaction triggered by the parasites or their antigens in the muscle tissue around the neuronal ganglia. [15] [16] [17] [18] [19] [20] More recently, the authors of a study involving T. cruzi-infected rats suggested a relationship between nitric oxide (NO) production and ganglion cell loss. 21 An increased ex-pression of nicotine adenine dinucleotide phosphate-diaphorase (NADPH-diaphorase) reaction, an indicator of the cellular localization of NO synthase, in the colon muscle layers of T. cruzi-infected animals in comparison with controls was associated with significantly lower numbers of intramural neurons. Other studies have suggested that NO plays a role in the tissue damage seen in Chagas' disease. [21] [22] [23] [24] [25] The control of acute-phase T. cruzi infection is critically dependent on cytokine-mediated macrophage activation to intracellular killing. Production of interferon (IFN)-␥ and tumor necrosis factor-␣ in T. cruzi-infected mice results in the activation of inducible nitric oxide synthase (iNOS) and in elevated NO synthesis, which is critical for trypanocidal activity in macrophages. 22,26 -30 In addition, iNOS activation and production of damaging amounts of NO (via generation of more potent oxidants such as peroxynitrite) have been directly implicated in neurodegenerative disorders such as multiple sclerosis and Alzheimer's disease. [31] [32] [33] [34] The present investigation was undertaken to evaluate the direct role that NO plays in the neuronal destruction occurring during acute-phase T. cruzi infection in genetically manipulated mice lacking either the iNOS gene or the IFN-␥ gene. Intrinsic enteric denervation was observed in T. cruzi-infected mice. Our results clearly indicate that this is attributable to the IFN-␥-elicited NO production that results from iNOS activation in the inflammatory foci along the intestinal wall.
Materials and Methods

Animals
Breeding pairs of mice (backcrossed on C57BL/6) with targeted disruption of IFN-␥ or iNOS were obtained from Jackson Laboratories (Bar Harbor, ME). The genotypes of these knockout mice (iNOS Ϫ/Ϫ mice and IFN Ϫ/Ϫ mice) were determined by using a previously established polymerase chain reaction technique. 35 The knockout mice were bred and maintained, alongside C57BL/6 wild-type (WT) mice, in microisolator cages in the animal facility of the Department of Biochemistry and Immunology, Faculty of Medicine of Ribeirã o Preto, University of Sã o Paulo, Ribeirã o Preto, Brazil. On reaching the age of 6 to 8 weeks, male animals were selected for study.
Parasites and Experimental Infection
The Y strain of T. cruzi was maintained by serial passage from mouse to mouse. Randomly selected WT and knockout mice were infected intraperitoneally with 100 trypomastigote forms of the Y strain of T. cruzi. Other randomly selected animals from each of the three groups were injected intraperitoneally with the same volume of saline and served as controls.
Determination of Parasitemia
The course of infection was monitored by periodic analysis of 5-ml blood samples drawn from the tail veins, using a previously described method. 32 Survival rates were determined in parallel groups of animals. Results are expressed as mean Ϯ SEM.
Histopathological Study
On day 10 of infection (coinciding with the day after parasitemia peaked), the animals were sacrificed. The ileum and colon were isolated, each segment was opened along the anti-mesenteric border, and the luminal content was gently removed. The segments were processed according to a standardized protocol. 33 Subsequently, the segments were prefixed in neutral 10% formalin for 90 to 120 minutes, rolled up to form "Swiss rolls," and fixed for an additional 18 to 20 hours. Half of this material was cut into rings, incubated overnight in 15% sucrose, stored at Ϫ70°C, and assigned to Hoechst and terminal dUTP nick-end labeling stainings. The other half was processed for paraffin embedding. Serial sections (5 m thick) were cut from both segments and stained with hematoxylin and eosin, cresyl violet, and immunohistochemistry. Because no change was observed in the histopathological appearance of either segment, the results are presented indistinctly.
Intestinal Parasitism and Inflammation Scores
Tissue parasitism and inflammation scores were estimated in the "Swiss rolls" of colon segments taken from four to five animals from each group. Tissue parasitism scores were determined by counting the total number of amastigote nests, and inflammation scores were determined by counting the number of inflammatory foci, so considered when groups of 10 or more leukocytes were identified. Both counts were performed in a mediumpower light microscopic field (ϫ200). For each colon, 35 fields were analyzed.
Neuronal Quantification
Quantification of neurons was performed in the myenteric plexuses of the colon. On days 5 and 10 of infection, annular colonic segments from each of the three groups were fixed in 10% formalin in phosphate-buffered saline (PBS) for 8 hours, dehydrated, and embedded in paraffin. Colonic segments taken from uninfected animals from all three groups were also collected and identified as day 0 of infection. To avoid double counting of the same cell, maximum ganglion cell diameter was morphometrically measured and found to be 25 m. Serial 5-m sections, resulting in a total length of 500 m, were cut. Every fifth section was mounted on a slide and stained with 1% cresyl violet. Therefore, each section actually represented a 25-m length of tissue, avoiding double counting of neuronal cells. Neurons with lesions that were considered irreversible (no nucleus or nuclear pyknosis) were not scored.
Assessment of Neuronal Damage
Sections (5 m thick) from ileal and colonic segments were cut on a cryostat and incubated with a Hoesch 33342 fluorescent probe (0.2 g/ml; Molecular Probes, Eugene, OR). The fluorochrome binds specifically to DNA, and is used to evaluate nuclear appearance, detecting changes such as DNA clumping in apoptotic bodies under appropriate ultraviolet light filtration. In addition, apoptotic nuclei were detected with a TUNEL detection kit (Boehringer Mannheim, Indianapolis, IN) that identifies early fragmentation of the nucleus. Subsequently, sections were hydrated and permeabilized with 0.25% Triton X-100 for 10 minutes, rinsed in PBS, and covered with the labeling reaction mixture containing terminal deoxynucleotidyl transferase and fluoresceindeoxyuridine triphosphate. Sections were incubated at 37°C for 1 hour and the reaction was terminated by rinsing the sections with PBS. The preparations were examined under ultraviolet light through a fluorescein isothiocyanate filter on an Olympus BX51 reflected fluorescence system (Olympus, Tokyo, Japan).
Immunohistochemistry
Sections (5 to 7 m thick) from ileal and colonic segments were cut on a cryostat and incubated for 30 minutes at 37°C in 1% bovine serum albumin after endogenous peroxidase blocking of nonspecific binding. Primary rabbit anti-iNOS (1:100; Chemicon, Temecula, CA), rabbit anti-PGP 9.5 (1:1000; Ultraclone, UK) antibodies and rabbit anti-T. cruzi serum (1:400) were incubated overnight at 4°C. Secondary biotinylated antibodies were goat anti-rabbit antibodies, followed by streptavidin-peroxidase complexes (DAKO-LSAB R 2 system; DAKO, Carpinteria, CA). The reaction was visualized by incubating the section with 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) and counterstaining with hematoxylin. Negative controls were prepared by incubating sections with the preadsorbed antiserum and by replacing primary antiserum with immunoglobulins of the same class and concentration.
Measurement of iNOS Activity
The NO synthase activity was determined by measuring the conversion of L-[U-
14 C]-arginine to [U-14 C]-citrulline. 36 Immediately after collection, the tissues were frozen and stored at Ϫ70°C. On the day of assay, the tissues were homogenized at 4°C in homogenizing buffer (pH 7.4; 50 mmol/L Tris, 3.2 mmol/L sucrose, 1 mmol/L dithiothreitol, 10 g ml Ϫ1 leupeptin, 10 g ml Ϫ1 soybean trypsin inhibitor, 21 g ml Ϫ1 aprotinin). The homogenate was centrifuged at 10,000 ϫ g for 20 minutes at 4°C and the resultant supernatant, containing both the soluble and particulate NO synthase was added to assay buffer (pH 7.2; 50 mmol/L KH 2 
14 C]-arginine). After a 30-minute incubation at 37°C, the substrate was removed by adding 1:1 (v/v) Milli-Q water/Dowex-AG-SOW, thereby terminating the reaction. After centrifugation at 5000 ϫ g for 10 minutes, the supernatant was carefully removed and NO synthase activity was determined from the conversion of L-[U-
14 C]-arginine to [U-
14 C]-citrulline. To determine Ca 2ϩ -independent activity, the experiments were performed in the absence of CaCl 2 and calmodulin, but in presence of 2 nmol/L of EGTA. The activity of the enzyme was calculated as the difference between the [U-
14 C]-citrulline generated from control samples and that generated from samples containing the NO synthase inhibitor (L-NMMA, 1 mmol/L). Ca 2ϩ -independent NOS-activity was determined as the difference between samples containing EGTA and samples containing EGTA plus L-NMMA. The soluble protein content of the supernatant was determined using the Coomassie blue binding method using a Bio-Rad protein reagent with bovine serum albumin as a standard. The NO synthase activity was expressed as pmol NO min
Statistical Analysis
Data are presented as mean Ϯ SEM of the indicated number of animals or experiments. For statistical analysis, analysis of variance, Tukey test (to correct for multiple comparisons), and Student's t-test were used. Values of P Ͻ 0.05 were considered significant.
Results
Parasitemia and Survival Rate
Compared with infected WT mice, infected iNOS Ϫ/Ϫ and IFN Ϫ/Ϫ mice exhibited progressively elevated parasitemia levels after day 8 of infection and until their death ( Figure 1A ). Knockout mice died between days 8 and 16 of infection with much higher levels of parasitemia than that seen in WT control animals that survived the acute phase of the infection ( Figure 1B ).
Intestinal Parasitism, Inflammation Scores, and Neuronal Quantification
Mice with disrupted iNOS genes (iNOS Ϫ/Ϫ ) that were infected with T. cruzi presented higher numbers of amastigote forms of the parasite in the colon ( Figure 1C ). The number of parasites found in the infected IFN Ϫ/Ϫ mice was very low (data not shown in Figure 1C ). Infected WT mice presented intense inflammatory exudate, not only at the myenteric plexuses, but also at the tunica muscularis and the tela subserosa. The scored inflammation in the tunica muscularis was only slightly more intense in infected WT mice than in infected iNOS Ϫ/Ϫ mice, although there was no statistically significant difference ( Figure 1D ).
Practically no inflammatory foci were observed in the colons of infected IFN Ϫ/Ϫ mice (data not shown in Figure 1D ). The number of myenteric plexus neurons diminished significantly in infected WT animals on day 10 of infection, decreasing by 60% in comparison with noninfected animals. In contrast, neuronal diminution observed in infected IFN Ϫ/Ϫ and iNOS Ϫ/Ϫ mice did not reach the level of significance ( Figure 1E ).
Histopathological Study
On day 10 of infection, all infected WT animals showed some degree of intestinal edema, in the ileum as well as in the colon. Both infected WT mice and infected iNOS Ϫ/Ϫ mice presented focal changes interposed with normal areas along the intestinal segments studied. Pronounced diffuse inflammatory responses were seen in the tunica muscularis of WT-infected mice. These responses were usually correlated with ruptured parasite nests and included mononuclear cell and neutrophil infiltration, cellular parasitism, and marked diminution and degenerative changes in myenteric plexus ganglion cells (Figure 2A , and inset). The mononuclear cell and neutrophil infiltrate was associated with smooth muscle cell destruction (Figure 2A) , ganglion cell degeneration and necrosis ( Figure  2C ), and apoptosis ( Figure 2C, inset) . Contrastingly, the changes in infected iNOS Ϫ/Ϫ mice were characterized by discrete inflammatory foci, mainly composed of mononuclear cells, associated with ruptured parasite nests in the tunica muscularis and tela subserosa. Often, the nests were observed in close proximity with the autonomic ganglia, occasionally in glial cells ( Figure 2B ), although no inflammatory infiltrate, loss of smooth muscle cells, ganglion cell degeneration, or necrosis was observed ( Figure 2, B and D) .
iNOS and PGP 9.5 Immunoreactivity
Positive iNOS expression was evident in inflammatory cells near the damaged ganglion cells ( Figure 2E ) as well as in the smooth muscle cells of the tunica muscularis ( Figure 2F ) in the intestinal wall of infected WT mice. In contrast, infected iNOS Ϫ/Ϫ mice presented no detectable iNOS immunoreactivity ( Figure 2G ), except for weak immunoreactivity in a few parasitized cells ( Figure 2H ). Decreased numbers of PGP 9.5-positive neurons and fibers were frequently observed in infected WT mice (Figure 3, A and D) . The representative aspects of PGP 9.5-staining patterns in infected WT mice decreased in intensity in the ganglia as well as in nerve fiber profiles ( Figure 3A ) when compared with infected iNOS Ϫ/Ϫ mice ( Figure 3B ) or controls ( Figure 3C ). The myenteric plexuses appeared normal in infected iNOS Ϫ/Ϫ mice and, despite the presence of parasites and mild inflammatory infiltrate, there was no ganglion cell degeneration ( Figure  2B ). Marked damage to myenteric ganglia in infected WT mice was associated with loss of PGP 9.5 expression, reflecting neuronal death ( Figure 3D ). Ganglion cells that had degenerated showed a loss of stainable Nissl substance and displacement of the nuclei to the periphery of the cells ( Figure 3E ). These degenerative changes were not observed in infected iNOS Ϫ/Ϫ mice ( Figure 3F ) or in infected IFN Ϫ/Ϫ mice (data not shown).
Determination of iNOS Activity
On days 5 and 10 of infection, iNOS activity in infected WT mice was significantly greater than in uninfected controls. In contrast, iNOS activity in infected IFN Ϫ/Ϫ and iNOS Ϫ/Ϫ mice remained unchanged after infection with T. cruzi (Figure 4 ).
Discussion
The disturbances in the motility of the gastrointestinal tract, so frequently observed in chronic chagasic patients, are morphologically expressed as hypertrophy of the muscular wall followed by dilatation of the organ. 37 These digestive manifestations of chronic Chagas' disease mainly involve megaesophagus and megacolon, predominantly affecting the sigmoid colon. Significantly lower numbers of myenteric plexus neurons and inflammation are the most evident features of enteromegaly. 3, 38 Involvement of the enteric nervous system seems to be an essential element in the pathogenesis of the altered motility and insidious development of the megalic formations.
From systematic investigations of Chagas' disease in humans and in experimentally or naturally infected ani- mals, it has been concluded that nerve cell destruction occurs during the acute phase, and that it occurs in the vicinity of ruptured pseudocysts. 4 Although the mechanism involved in this nerve cell destruction is still undetermined, several hypotheses have been put forth. In light of the fact that ganglion cell lesions appeared after the disintegration of amastigote forms, it has been postulated that a neurotoxic or neurolytic agent is liberated by the disintegration of the amastigote forms. 13 Earlier studies suggested the existence of a toxin to explain certain lesions in the acute phase of the disease. 39 In addition, the observation that, in a restricted area, degeneration and necrosis of multiple cell types follows the disintegration of amastigote forms led to the proposition that a cytotoxin is being liberated. 40, 41 Because the existence of a toxin has not been proven, other attempts have been made to explain the nerve cell destruction. Another hypothesis is that direct destruction of nerve cells occurs through parasitism of the nerve cell.
14 However, intensive and thorough studies have shown a very small number of parasitized cells among the hundreds of thousands of ganglion cells in mice, rat, and dogs experimentally infected with T. cruzi. 3 Myenteric denervation has also been attributed to the intense inflammatory reaction around the ruptured pseudocysts. 16 Nerve cells, however, are very resistant to specific types of inflammation. This can be seen in two major inflammatory bowel diseases: ulcerative colitis and Crohn's disease, in which there is intense inflammatory infiltrate throughout the intestinal wall, but integrity is preserved in the myenteric and submucosal nerve plexuses. 42 The participation of a immunoallergic mechanism has also been suggested as the cause of nerve cell lesions. Specific autoimmunity against neurons has been demonstrated in chronic Chagas' patients and in mice experimentally infected with T. cruzi. 17, 19, 20 Recently, it was postulated that NO is involved in the peripheral denervation seen in acute-phase experimental T. cruzi infection in mice. 21 Compared with controls, infected rats presented significantly reduced neuron counts in the colon and heart resulting from a twofold increase in serum nitrate. Moreover, animals treated with the NO synthase inhibitor N-nitro-L-arginine showed marked decreases in serum nitrate concentrations and significant tissular parasitism related to nondiminished numbers of neurons.
Our findings support those from previous studies showing myenteric denervation in acute-phase experimental T. cruzi infection. In addition, we clearly demon- strated that, despite the fact that infected iNOS Ϫ/Ϫ mice presented greater numbers of parasite nests and similar inflammatory infiltrate in the intestinal wall on day 10 of infection than did infected WT mice, numbers of myenteric plexus neurons were not reduced in the infected iNOS Ϫ/Ϫ mice. Neuronal nerve profile expression, as revealed by the general nerve marker PGP 9.5, was preserved in the knockout animals. Infected IFN Ϫ/Ϫ mice did not suffer significant neuronal loss and there was no inflammatory infiltrate in the intestinal wall. These observations suggest that NO could be the final mediator of neuronal damage. The absence of neuronal destruction on day 5 of infection suggests that the intrinsic intestinal denervation could either be secondary to the inflammatory processes, not observed at this time point, or because of the kinetics of NO production.
Production of IFN-␥ and tumor necrosis factor-␣ in T. cruzi-infected mice result in the activation of iNOS and in elevated NO synthesis, which is critical for macrophage trypanocidal activity. 26 The microbicidal activity of IFN-␥-treated macrophages against T. cruzi involves L-argininedependent NO-mediated mechanism, which can be inhibited by interleukin-10 or transforming growth factor-␤. 26, 43, 44 The host/parasite relationship balance manifests, in some instances, as the inflammatory infiltrate intensity versus parasite load. Early IFN-␥-dependent activation of iNOS and elevated NO synthesis results in macrophage trypanocidal activity and control of the acute phase of T. cruzi infection. 22, 26, 29, 30 In the present study, the higher parasitemia levels and mortality rates of infected IFN Ϫ/Ϫ and iNOS Ϫ/Ϫ mice as compared with infected WT mice may reflect defective NO effector functions. 45 Direct parasitism was not observed in our samples. However, inflammatory foci were commonly seen around parasitized cells near the myenteric neurons in infected WT and iNOS Ϫ/Ϫ mice. In comparison with infected WT mice, infected iNOS Ϫ/Ϫ mice presented similar inflammation scores but higher numbers of parasites. In the ganglia of infected iNOS Ϫ/Ϫ animals, we identified a few parasitized cells as being glial cells (glial fibrillary acidic protein immunoreactivity not shown). In infected WT animals, these cells are not well visualized because the degenerative process affects them as it does the neurons. At present, we cannot rule out the possibility that enteric glial cells play a role as an early source of iNOSderived NO in our model. This has been described in other degenerative and inflammatory diseases of the central nervous system. 46 Enteric glial cells represent an extensive but relatively poorly described cell population within the gastrointestinal tract. These enteric glial cells represent the morphological and functional equivalent of central nervous system astrocytes within the enteric nervous system. The enteric glial cell network has trophic and protective functions on enteric neurons and is fully implicated in the integration and modulation of neuronal activities. 47 In our model, disruption of the enteric glial cell network may represent one possible cause for the increased neuronal destruction. The absence of inflammatory infiltrate in infected IFN Ϫ/Ϫ mice is probably related to the complete absence of Mig and IP-10 chemokine expression, as has been previously demonstrated in our laboratory. 27 Infected WT mice presented iNOS immunoreactive inflammatory cells in the vicinity of the myenteric ganglia as well as parasitized cells near the neurons. In contrast, infected iNOS Ϫ/Ϫ mice presented no detectable iNOS immunoreactivity, except for a weak reaction in a few parasitized cells. In addition, iNOS activity in infected WT mice increased significantly on days 5 and 10 of infection in comparison with uninfected controls. The tissular NO values correspond to the increased levels of NO2 Ϫ and NO3 Ϫ in the plasma of WT mice in the acute phase of T. cruzi infection. As expected, iNOS activity in iNOS Ϫ/Ϫ and IFN Ϫ/Ϫ mice did not change after infection with T. cruzi. 22 Actually, excessive NO production, often involving iNOS, has been ascribed a role as a major contributor to several disease states. 48 Despite the complexity and diversity of the role of NO in the inflammatory response, 49 our findings clearly demonstrate that neuronal damage does not occur when the generation of NO is impaired in infected iNOS Ϫ/Ϫ and IFN Ϫ/Ϫ mice, regardless of whether inflammatory infiltrate is present (iNOS Ϫ/Ϫ mice) or absent (IFN Ϫ/Ϫ mice). In conclusion, our observations strongly indicate that the myenteric denervation seen in the acute phase of T. cruzi infection is because of IFN-␥-elicited NO production resulting from iNOS activation of the inflammatory foci along the intestinal wall.
